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To evaluate the effects on lung function of asthma, time since di-
agnosis of asthma, and age at diagnosis of asthma, we examined
school children in a cohort of 2,277 fourth- and seventh-graders at
least twice during a 4-yr follow-up period. Sex-specific models for
each lung function were fitted through mixed-effects models that
used regression splines and captured age-dependent trends in the
effect of asthma on lung function. In males, a history of asthma
was associated with large and statistically significant deficits in
maximum midexpiratory flow (MMEF) (

 

2

 

4.89%) and forced expi-
ratory flow at 75% of expired FVC (FEF

 

75

 

) (

 

2

 

6.62%), whereas in
females these deficits were smaller (

 

2

 

1.93% and 

 

2

 

2.45%, respec-
tively) and were not statistically significant. However, larger defi-
cits were seen in both males and females with longer time since
diagnosis. In males with more than 6 yr since diagnosis, there
were significant deficits in FEV

 

1

 

 (

 

2

 

3.91%), MMEF (

 

2

 

7.39%), FEF

 

75

 

(

 

2

 

8.12%), and peak expiratory flow rate (PEFR) (

 

2

 

4.65%) as com-
pared with children with less than 3 yr since diagnosis. There were
fewer females with more than 6 yr since diagnosis, but deficits
were similar to those of males for FEV

 

1

 

 (

 

2

 

2.52%), MMEF (

 

2

 

9.26%),
and FEF

 

75

 

 (

 

2

 

14.28%). Large deficits in flow rates in both large and
small airways were observed in males and females for whom
asthma was reported to have been diagnosed before age 3 yr.
There was little evidence that lung growth in children with asthma
“catches up” at older ages. Therefore, because a constant percent
deficit in lung function implies an increasingly large absolute defi-
cit in older children with larger lungs, these results are consistent
with prior evidence that lung function deficits in children with
asthma persist into adulthood. We also suggest that in children,
commonly observed differences between sexes in the impact of
asthma on lung function may reflect differences in the duration
and age of onset of asthma in males and females.

 

Asthma prevalence in the United States has been increasing at
least since 1979 (1). Most of this increase has occurred among
children under 18 yr of age, who constitute two-thirds of the 18-
million Americans with asthma. Although it is well known that
lung function is reduced during an asthma attack, the chronic
effects of asthma on lung function have been examined in only a
few prospective studies, which suggest that persistent deficits
occur (2–8). Because the pattern of lung function growth varies

and the occurrence of asthma differs in boys and girls of differ-
ent ages, the persistent effect of asthma may vary in boys and
girls. Two recent studies have reported conflicting results on sex
differences in the effect of asthma on level of lung function (7,
8). In one of these studies, a larger percent deficit in FEV

 

1

 

 was
seen in males than in females with asthma (among children 6 to
18 yr of age who were examined annually between 1974 and
1989) (7). In contrast, longitudinal evaluation of an East Boston
cohort found a deficit in FEV

 

1

 

 only among females (8). Two po-
tentially important factors in the natural history of asthma, du-
ration and early age at onset (9, 10), were not explicitly exam-
ined in previous longitudinal studies of lung function, and may
have accounted for these inconsistencies.

To investigate patterns of lung function in male and female
asthmatic children, we evaluated the effect of time since diag-
nosis, age at diagnosis, and medication (inhaler) use among
adolescent school children in a cohort participating in the
Southern California Children’s Health Study (11). The poten-
tial insight into the pattern of growth in pulmonary function
(PF) among a population-based sample of asthmatic children
as they approach adulthood is a major strength of this study.
We used a flexible mixed-effects regression spline model to
characterize the complex, nonlinear relationship of age, height,
and PF with the age-related trend in lung function deficit asso-
ciated with asthma.

 

METHODS

 

Study Design

 

The University of Southern California and California Air Resources
Board Children’s Health Study includes 12 communities within a 200-
mile radius of Los Angeles. Details on the design, site selection, sub-
ject recruitment, and assessment of health effects in the study are
reported elsewhere (12). Briefly, a total of 3,681 asthmatic and non-
asthmatic children, approximately 50% of whom were fourth grad-
ers, 25% seventh graders, and 25% tenth graders, entered the study
in early 1993. At baseline, a parent or guardian of each participat-
ing child provided written informed consent and completed a written
questionnaire. This provided detailed information on demographics,
history of respiratory illness and its associated risk factors, exposure
information, and household characteristics. In the spring of 1993 and
in each subsequent year, an update questionnaire was completed by
each child, and PF testing was conducted. A telephone callback sub-
study was also conducted, in the summer of 1993, to determine the
type and pattern of medication used by 205 asthmatic children. The
research protocol for the study was approved by the Institutional Re-
view Board of the University of Southern California. This report is
limited to data from the first 4 yr of follow-up on the members of the
fourth- and seventh-grade cohorts for whom there was adequate in-
formation on asthma characteristics. The data set for final analysis ex-
cluded 51 children for whom complete information on asthma was not
available, and 20 children who had reported cystic fibrosis or severe
chest injury before age 2 yr.

 

Pulmonary Function Data

 

PF testing was conducted on each participating child, at school, during
the morning or early afternoon hours of the winter and spring months.
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Each child was asked to perform up to seven maximum forced expira-
tory flow–volume maneuvers while breathing through a rolling-seal
spirometer (Spiroflow; P.K. Morgan Ltd., Gillingham, UK), as previ-
ously described (11). Data were then extracted on FVC, FEV

 

1

 

, maxi-
mum midexpiratory flow (MMEF), forced expiratory flow rate at
75% of expired FVC (FEF

 

75

 

), and peak expiratory flow rate (PEFR).
The calibrations of the six spirometers used in the study were checked
just before, during, and after each day’s testing session with flow–vol-
ume syringes (Jones Medical Instrument Co., Oak Brook, IL). Details
of the quality control and data management procedures used have
been previously reported (11).

 

Definitions of Asthma

 

A subject was defined as having asthma if a parent/guardian, in the
baseline questionnaire, answered “yes” to the question “Has a doctor
diagnosed your child with asthma?” or if the child answered “yes” to
the question “Has a doctor ever said you had asthma?” during PF
testing. The subjects were initially categorized into two groups, ac-
cording to their asthma status at each PF testing period. The age at di-
agnosis of asthma was determined from the questionnaire for children
who had physician-diagnosed asthma at baseline, and by designating
the middle of the previous year as the age at diagnosis for those who
reported physician-diagnosed asthma during follow-up. Duration of
asthma, which was essentially the time since diagnosis, was calculated
by subtracting age at diagnosis from age at the study visit for PF test-
ing. Medication use for each year was assessed on the basis of a child’s
report of whether he or she used an inhaler for asthma. Asthmatic
children were classified into subgroups based on age at diagnosis (with

age categories of 0 to 2 yr, 3 to 5 yr, 6 to 9 yr, and 10 yr or more) and
duration since diagnosis of asthma (with categories of 0 to 2 yr, 3 to
4 yr, 5 to 6 yr, and more than 6 yr), as described in the literature. To
assess the combined effect of asthma duration and inhaler use, the
asthmatic children were also classified into four mutually exclusive
subgroups according to duration of asthma (low: 

 

<

 

 4 yr, and high:

 

.

 

 4 yr) and medication (inhaler) use (yes/no).

 

Definitions of Smoking

 

Children who at any given visit reported smoking 

 

.

 

 100 cigarettes in
their lifetime were classified as smokers. Environmental tobacco
smoke (ETS) exposure was based on reports of current and past
smoking status of each child’s mother, father, other adult household
members, and regular household visitors. Both of these binary vari-
ables were considered as potential confounders in the models used in
the study.

 

Data Analysis

 

Descriptive statistics and sex-specific initial comparisons between
subjects excluded or lost to follow-up and those included in the data
analysis were made with respect to baseline characteristics via chi-
square testing for association in contingency tables. Asthmatic chil-
dren were compared through analysis of variance with nonasthmatic
children with respect to physical and physiologic characteristics such
as age, height, and weight.

The relationships between PF in children and physiologic measures
such as age and height (HT) have been shown to be highly complex (7,
13). These relationships may not be adequately characterized by lin-

 

TABLE 1

BASELINE COMPARISONS OF THE SUBJECTS INCLUDED IN THE ANALYSIS,
WITH TWO OR MORE PULMONARY FUNCTION MEASUREMENTS, AND THOSE

WHO HAD NONE OR ONLY ONE PULMONARY FUNCTION MEASUREMENT

 

Baseline Characteristics

Male Female

0–1 PFT
(

 

n

 

 

 

5

 

 

 

239

 

)
n (%)

 

> 

 

2 PFT
(

 

n

 

 

 

5

 

 

 

1,172

 

)
n (%)

0–1 PFT
(

 

n

 

 

 

5

 

 

 

204

 

)
n (%)

 

> 

 

2 PFT
(

 

n

 

 

 

5

 

 

 

1,105

 

)
n (%)p Value* p Value

Ethnicity
Asian 8 (3.9) 63 (5.7)

 

,

 

 0.01 9 (3.8) 65 (5.6) 0.02
Black 19 (9.3) 51 (4.6) 22 (9.2) 62 (5.3)
Hispanic 47 (23) 279 (25.3) 75 (31.4) 325 (27.7)
Other 10 (4.9) 9 (0.8) 8 (3.4) 15 (1.3)
White 120 (58.8) 703 (63.6) 125 (51) 705 (60.2)

Grade
4th 154 (75.5) 738 (66.8) 0.02 154 (64.4) 742 (63.3) 0.8
7th 50 (24.5) 367 (33.2) 85 (35.6) 430 (36.7)

Asthma at entry
Yes 24 (11.8) 166 (15) 0.9 16 (6.7) 105 (9) 0.8
No 133 (65.2) 894 (80.9) 170 (71.1) 997 (85)
Missing 47 (23) 45 (4.1) 53 (22.2) 70 (6)

Wheezing at entry
Yes 64 (31.4) 384 (34.8) 0.5 55 (13) 340 (29) 0.08
No 125 (61.3) 667 (60.4) 165 (69) 772 (65.9)
Missing 15 (7.4) 54 (4.9) 19 (8) 60 (5.1)

Current wheeze

 

†

 

Yes 41 (20.1) 231 (20.9) 0.9 31 (13) 212 (18.1) 0.09
No 144 (70.6) 811 (73.4) 189 (79.1) 889 (75.9)
Missing 19 (9.3) 63 (5.7) 19 (7.9) 71 (6.1)

ETS exposure
Yes 94 (46.1) 393 (35.6)

 

,

 

 0.01 129 (54) 423 (36.1)

 

,

 

 0.01
No 97 (47.5) 668 (60.5) 93 (38.9) 693 (59.1)
Missing 13 (6.4) 44 (4) 17 (7.1) 56 (4.8)

Insurance
Yes 150 (73.5) 930 (84.2)

 

,

 

 0.01 169 (70.7) 952 (81.2)

 

,

 

 0.01
No 42 (20.6) 143 (12.9) 58 (24.3) 183 (15.6)
Missing 12 (5.9) 32 (2.9) 12 (5) 37 (3.2)

 

Definition of abbreviations

 

: ETS 

 

5

 

 environmental tobacco smoke; PFT 

 

5

 

 pulmonary function testing.
* Chi-square tests for associations between baseline characteristics and completion of at least two PF measurements (did not include the

missing category)

 

† 

 

Wheezing in previous 12 mo at time of entry.
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earity or any other simple parametric form. Preliminary analysis of the
data from the present study, and results of similar studies (13), have
shown that although the relationship between log PF and log height
(log HT) appears to be linear within short age intervals, the slopes and
intercepts of this relationship tend to change with age. In order to
properly account for dependence caused by repeated measurements
made on the same child, and to capture the nonlinear and complex re-
lationship between PF, age, and height, we fitted mixed-effects models
that used spline terms for the age-dependent intercepts and slopes for
height (14). All of the fitted models had the following general form:

E(log[PF

 

cij

 

]) 

 

5 m

 

 + a

 

i

 

 + f

 

1

 

 (AGE

 

cij

 

) + f

 

2

 

 (AGE

 

cij

 

) 

 

3

 

 log(HT

 

cij

 

)
+ X

 

cij

 

 

 

g 

 

+

 

 a

 

g

 

I

 

g

 

 + 

 

b

 

g

 

I

 

g

 

 

 

3 

 

AGE

 

cij

 

where AGE is age, and c, i, j, and g denote the community, child, year
of visit, and asthma group, respectively. In the foregoing model, a

 

i

 

 de-
notes a child-specific random intercept assumed to be normally dis-
tributed, with zero mean and finite variance 

 

s

 

2
a

 

; I

 

g

 

 denotes a dummy
variable for the gth asthmatic group; and X

 

cij

 

 includes a set of poten-
tial confounders, including community, school grade, technician,
spirometer, race/ethnicity, room temperature, barometric pressure,
body mass index (BMI), respiratory infection at PF testing, and se-
vere chest illness before age 2 yr. Exercising during the 30 min before
PF testing, membership in a health insurance plan, personal smoking,
and ETS exposure were also considered as potential confounders.
The primary parameters of interest were the main effect (

 

a

 

g

 

) for an
asthmatic group g, which characterizes a parallel percent deficit/gain
in PF compared with the baseline PF of the group of nonasthmatic
subjects (or other reference group), and the effect of the asthma 

 

3

 

AGE term 

 

b

 

g

 

, which reflects whether the percent deficit/gain in PF
levels of asthmatic children varies with age. The child-specific random
intercepts implicitly account for initial PF levels. Note that the models
are additive on the logrithmic scale (and are hence multiplicative on
the raw scale). Therefore, we give model results in terms of parallel
percent differences ([exp(

 

a

 

g

 

) 

 

2

 

 1] 

 

3

 

 100) from the reference curve at
the mean age, and in terms of percent deviations ([exp(

 

b

 

g

 

) 

 

2

 

 1] 

 

3

 

100) from parallelism. Analogous 95% confidence intervals are de-
fined in a similar fashion.

All models were fitted separately by sex. The main effect of age
(f

 

1

 

), designed to show the age-specific intercepts of the log(PF) versus
log(HT) relationship, and the slope of the log(HT) covariate (f

 

2

 

), de-
signed to show the age-specific slopes of the log(PF) versus log(HT)
relationship, are given as unspecified smooth functions of age, and are
estimated by using the adequately flexible and yet inherently para-
metric regression splines (15). The regression splines fit piecewise
polynomials that are joined smoothly at the cutpoints, known as
knots, and have the advantage of reducing to the well-established lin-
ear modeling framework once the number and position of the knots
are determined. This has the advantage of allowing appropriate statis-
tical inference while capturing the nonlinear relationships in the data
(13). Initially, a knot was placed at each integral age. However, the fi-
nal models were fitted by using knots at ages 12 and 14 yr for males
and at ages 10, 12, 14, and 16 yr for females, leading to a more parsi-
monious model with essentially the same results.

Sex-specific models were fitted with the model just described, us-
ing white race/ethnicity and nonasthmatic subjects as the reference
categories for race/ethnicity and asthma, respectively. Continuous co-
variates, such as room temperature, barometric pressure, and age
were centered at their mean values. All analyses were done with the
Splus statistical software package (Mathsoft Inc., Seattle, WA) (16).

 

RESULTS

 

The data set used for analysis consisted of 2,277 children
(1,172 female and 1,105 male) who met the inclusion criteria.
The 239 female and 204 male children from the original cohort
who were excluded from the analysis because they did not
have at least two PF testing visits were, irrespective of sex,
more likely to be of black or Hispanic ethnicity, with greater
ETS exposure and without health insurance (Table 1). The ex-
cluded females were also less likely to have reported wheezing
at baseline, whereas the excluded males were more likely to
come from the fourth-grade cohort. The ages at entry (in years)
for the fourth- and seventh-grade cohorts were 10.1 

 

6

 

 0.6 yr

 

TABLE 2

ASTHMA CHARACTERISTICS OF THE SUBJECTS WHO HAD AT
LEAST TWO PULMONARY FUNCTION MEASUREMENTS

 

Characteristics Groups

Fourth-Grade Seventh-Grade

Male Female Male Female

n (%) n (%) n (%) n (%)

Asthma status* Asthmatic 166 (24.5) 123 (18.4) 78 (22.9) 77 (19.0)
Nonasthmatic 512 (75.5) 547 (81.6) 262 (77.1) 328 (81.0)
Total 678 670 340 405

Asthma duration,

 

† 

 

yr 0–2 32 (20.7) 39 (34.8) 8 (11.6) 19 (26.0)
3–4 38 (24.5) 27 (24.1) 7 (10.1) 16 (21.9)
5–6 12 (7.7) 14 (12.5) 5 (7.2) 5 (6.8)

 

.

 

 6 73 (47.1) 32 (28.6) 49 (71.0) 33 (45.2)
Missing 11 11 9 4
Total 166 123 78 77
Mean (SD) 5.3 (4.4) 4.1 (3.7) 8.1 (4.7) 5.5 (4.4)
Median 3.5 2.6 7.5 3.7

Asthma duration Short duration,
and medication

 

‡

 

no medication 24 (17.9) 22 (23.2) 7 (10.9) 4 (6.5)
Short duration,

with medication 41 (30.6) 33 (34.7) 7 (10.9) 24 (38.7)
Long duration,

no medication 23 (17.2) 15 (15.8) 15 (23.4) 9 (14.5)
Long duration,

with medication 46 (34.3) 25 (26.3) 35 (54.8) 25 (40.3)
Missing

 

§

 

32 28 14 15
Total 166 123 78 77

* Asthma status was determined at the end of the follow-up period.

 

† 

 

Time since diagnosis of asthma (at last visit). “Missing” represents children who said they were asthmatic but whose parents did not.

 

‡ 

 

Time since diagnosis of asthma at last follow-up visit (categorized as short (

 

<

 

 4 yr) or long (

 

.

 

 4 yr) by status of inhaler medication use
at last follow-up visit).

 

§

 

 Missing at last follow-up visit.
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(mean 

 

6

 

 SD) and 13.1 

 

6

 

 0.5 yr, respectively. The ranges in
age (at entry) were 8.4 to 12.0 yr and 11.7 to 14.8 yr for the
fourth- and seventh-grade cohorts, respectively.

Males in the two cohorts had a greater reported rate of
physician-diagnosed asthma than did females, although the
difference was smaller in the seventh-grade cohort (Table 2).
The mean (and median) duration of asthma (in years) were
longer in males. Asthmatic children, including those who had
their disease diagnosed during the course of the study, appear
to have had a similar pattern of participation in follow-up ex-
aminations to that of nonasthmatic children.

There was no difference between asthmatic and nonasth-
matic children with respect to baseline age, height, and weight,
with the exception that males who had asthma diagnosed dur-
ing the course of the study were younger at baseline by ap-
proximate 4 mo (data not shown).

The results given by the initial sex-specific models that were
fitted for all children to evaluate the overall effect of asthma on
FVC, FEV

 

1

 

, MMEF, FEF

 

75

 

, and PEFR are summarized in Ta-
ble 3. The greatest effects of asthma were seen in males. Males
with asthma had a 

 

2

 

4.89% deficit in MMEF (p 

 

,

 

 0.01) and a

 

2

 

6.62% deficit in FEF

 

75

 

 (p 

 

,

 

 0.01), with no significant trend to-
ward improvement in these measures with increasing age (Ta-
ble 3). The curves for MMEF with growth for males are given in
Figure 1, in terms of absolute differences between nonasthmatic
and asthmatic children, and show the deficit in asthmatic chil-
dren. Of note is the greater absolute difference in MMEF at
older ages, even though the percentage deficit remained the
same. There was a 

 

2

 

1.57% deficit for PEFR (p 

 

5

 

 0.07), but
there was also a significant trend toward improved PEFR levels
(0.77% per year after 12.8 yr of age). This indicates that PEFR
levels for males were improving and catching up to the level for
nonasthmatic males. For females, the direction of the effects in
the study measures was consistent with that for males, but none
of the models showed any significant deficit. The MMEF

 

TABLE 3

SEX-SPECIFIC EFFECTS OF ASTHMA ON PULMONARY FUNCTION*

 

Sex PFT

Level
(Asthma

Main Effect)

95 CI

Trend
(Asthma 

 

3

 

 Age)

95 CI
Percent

Difference
Percent

Difference

Male
FVC 0.49 (

 

2

 

0.44, 1.44) 0.01 (

 

2

 

0.24, 0.27)
FEV

 

1

 

2

 

0.72 (

 

2

 

1.85, 0.42) 0.01 (

 

2

 

0.32, 0.34)
MMEF

 

2

 

4.89

 

†

 

(

 

2

 

7.14, 

 

2

 

2.59) 0.27 (

 

2

 

0.42, 0.96)
FEF

 

75

 

2

 

6.62

 

†

 

(

 

2

 

9.65, 

 

2

 

3.50) 0.56 (

 

2

 

0.40, 1.53)
PEFR

 

2

 

1.57 (

 

2

 

3.26, 0.14) 0.77

 

†

 

(0.22, 1.33)
Female

FVC 0.81 (

 

2

 

0.14, 1.76)

 

2

 

0.07 (

 

2

 

0.37, 0.24)
FEV

 

1

 

0.19 (

 

2

 

1.02, 1.42)

 

2

 

0.13 (

 

2

 

0.54, 0.28)
MMEF

 

2

 

1.93 (

 

2

 

4.41, 0.61)

 

2

 

0.18 (

 

21.05, 0.69)
FEF75 22.45 (25.77, 0.10) 20.1 (21.19, 0.10)
PEFR 21.01 (22.92, 0.93) 20.34 (21.03, 0.36)

Definition of abbreviations: CI 5 confidence interval; FEF75 5 forced expiratory flow at
75% of FVC; MMEF 5 maximum midexpiratory flow; PEFR 5 peak expiratory flow rate;
PFT 5 pulmonary function testing.

* All models are adjusted for age and height via flexible nonlinear terms. The models
are also adjusted for community, technician, spirometer, group, ethnicity (white as
baseline), respiratory infection at PFT, room temperature, barometric pressure, chest ill-
ness before age 2 yr and body mass index. Asthma effects are reported as comparisons
with nonasthmatic subjects.

† p , 0.01.

Figure 1. Growth curves of MMEF in male nonasthmatic (solid line)
and asthmatic (broken line) children. The rugged plot at the bottom of
the figure indicates the density of the data. The parallel shift between
the two curves was found to be statistically significant (p , 0.01).

Figure 2. Growth curves of MMEF in female nonasthmatic (solid line) and
asthmatic (broken line) children. The rugged plot at the bottom of the
figure indicates the density of the data.

TABLE 4

EFFECTS OF DURATION OF ASTHMA AND RECENT MEDICATION
USE ON PULMONARY FUNCTION OF ASTHMATIC MALES*

Model Covariate

Effects in Percent Differences

FVC FEV1 MMEF FEF75 PEFR

1† Duration‡, yr  3–4 20.98 21.31 22.58 23.59 21.20
 5–6 21.28i 22.55¶ 6.81¶ 28.02i 23.54i

. 6 22.34i 24.22¶ 27.94¶ 29.01i 24.42i

2§ Short duration,
with medication 1.28 0.93 20.23 20.80 20.10

Long duration,
no medication 0.52 20.60 23.31 23.66 21.67

Long duration,
with medication 0.16 22.11 26.64i 27.77i 23.67i

Definition of abbreviations: FEF75 5 forced expiratory flow at 75% of FVC; MMEF 5
maximum midexpiratory flow; PEFR 5 peak expiratory flow rate.

* All models are adjusted for age and height via flexible nonlinear terms. The models
are also adjusted for community, technician, spirometer, group, ethnicity (white as
baseline), respiratory infection at pulmonary function testing, room temperature, and
barometric pressure.

† Asthma effects are reported as comparisons with asthmatics with subjects with dis-
ease of 0–2 yr duration.

‡ Time since diagnosis, relative to 0 to 2 yr.
§ Asthma effects are reported as comparisons with asthmatic subjects with short du-

ration of asthma and no recent medication use (short duration: < 4 yr, long duration:
. 4 yr).

i p , 0.05.
¶ p , 0.01.



Berhane, McConnell, Gilliland, et al.: Asthma and Lung Function in Children 1727

growth curves for nonasthmatic and asthmatic females, and
their differences in absolute terms, are shown in Figure 2.

The potential effect of inhaler use and its interaction with
duration of asthma were examined in models that included
only asthmatic males (Table 4) and asthmatic females (Table
5). In asthmatic males, a significant deficit in the level of PF
was associated with long duration of asthma (more than 4 yr)
for all five pulmonary function measures examined in the
study (Table 4). Moreover, the deficits were greatest for asth-
matic males who had physician-diagnosed asthma for more
than 4 yr and who used an inhaler (during the last year), for
MMEF (26.64%, p , 0.05), FEV1 (22.11%, p 5 0.13), FEF75
(27.77%, p , 0.05), and PEFR (23.67%, p , 0.05) (Table 4).

In asthmatic females, longer duration of asthma (. 6 yr)
was associated with a significant deficit (p , 0.01) in MMEF
and FEF75 (29.24% and 214.42%, respectively). These defi-
cits, however, were more evident in children who had physi-
cian-diagnosed asthma for more than 4 yr and who reported
using an inhaler for their asthma (Table 5). Our ability to ex-
amine the effect of longer duration of asthma and inhaler use
in females was limited by the relatively few females who had
asthma of long duration.

In the models that we used to examine the effect of inhaler
use and duration of asthma (Tables 4 and 5), the reference
group was the group with “short duration, no medication.” In
order to determine whether inhaler use was a good indicator
of asthma activity, we examined its relationship with extensive
information on asthma activity available at baseline and in the
final year of the study. At baseline, 41% of the children in the
short duration/no medication group reported wheezing during
the previous 12 mo, probably suggesting bronchial hyperreac-
tivity. However, 15.5% of the children in this group reported
having “some” asthma in the previous 12 mo. At the last fol-
low-up visit, 26% of the children in this group reported having

symptoms such as chest tightness, coughing, or shortness of
breath in the previous 12 mo.

At baseline, 65% of the children in the “long duration/no
medication” group reported wheezing in the previous 12 mo,
and 45% also reported having some asthma in the same pe-
riod. At the last follow-up visit, 32% of the children in the long
duration/no medication group reported having symptoms in

TABLE 5

EFFECTS OF DURATION OF ASTHMA AND RECENT MEDICATION
USE ON PULMONARY FUNCTION OF ASTHMATIC FEMALES*

Model Covariate

Effects in Percent Differences

FVC FEV1 MMEF FEF75 PEFR

1† Duration‡, yr  3–4 0.20 21.11 21.96 23.23 20.94
5–6 0.05 21.33 24.42 26.75 3.76
. 6 20.09 22.49 29.24i 214.42i 0.76

2§ Short duration,
with medication 20.44 0.23 0.39 1.78 0.28

Long duration,
no medication 0.83 1.14 20.77 20.81 3.94

Long duration,
with medication 20.71 21.05 25.45 26.92 2.83

Definition of abbreviations: FEF75 5 forced expiratory flow at 75% of FVC; MMEF 5
maximum midexpiratory flow; PEFR 5 peak expiratory flow rate.

* All models are adjusted for age and height via flexible nonlinear terms. The models
are also adjusted for community, technician, spirometer, group, ethnicity (white as
baseline), respiratory infection at pulmonary function testing, room temperature, and
barometric pressure.

† Asthma effects are reported as comparisons with asthmatic subjects with asthma of
0 to 2 yr duration.

‡ Time since diagnosis, relative to 0 to 2 yr.
§ Asthma effects are reported as comparisons with asthmatic subjects with short dura-

tion of asthma and no recent medication use (short duration: < 4 yr, long duration:
. 4 yr).

i p , 0.05.

TABLE 6

EFFECT OF ASTHMA ON PULMONARY FUNCTION BY AGE AT DIAGNOSIS FOR MALE SUBJECTS*

PFT
Asthma by Age
at Diagnosis (yr)

Level (Asthma Main Effect) Trend (Asthma 3 Age)

Percent
Difference 95 CI

Percent
Difference 95 CI

FVC 0–2 1.36 (22.7, 5.6) 20.17 (20.8, 0.4)
3–5 21.14 (25.5, 3.5) 0.51 (20.2, 1.2)
6–9 2.04 (21.0, 5.1) 20.61† (21.1, 20.1)

> 10 0.23 (21.9, 2.5) 0.07 (20.3, 0.4)
FEV1 0–2 24.98† (29.1, 20.7) 20.03 (20.8, 0.7)

3–5 0.30 (24.6, 5.4) 0.32 (20.6, 1.3)
6–9 20.72 (23.9, 2.6) 29.6‡ (21.6, 20.3)

> 10 21.45 (23.8, 1.0) 0.15 (20.3, 0.6)
MMEF 0–2 218.83‡ (226.0, 211.0) 0.59 (21.0, 2.2)

3–5 4.33 (25.9, 15.6) 20.13 (22.0, 1.8)
6–9 27.30† (213.4, 20.8) 20.97 (22.3, 0.4)

> 10 26.49‡ (211.0, 21.7) 20.16 (21.1, 0.8)
FEF75 0–2 223.77‡ (232.7, 213.7) 0.26 (22.0, 2.6)

3–5 5.05 (28.6, 20.7) 0.36 (22.3, 3.1)
6–9 28.83† (216.8, 20.1) 20.59 (22.4, 1.3)

> 10 26.91† (213.0, 20.4) 20.07 (21.4, 1.3)
PEFR 0–2 26.47† (211.8, 20.8) 2.76‡ (1.4, 4.1)

3–5 5.39 (21.3, 12.5) 21.85† (23.3, 20.4)
6–9 22.22 (26.4, 2.1) 21.38‡ (22.4, 20.3)

> 10 23.52† (26.5, 20.4) 0.44 (20.3, 1.2)

Definition of abbreviations: CI 5 confidence interval; FEF75 5 forced expiratory flow at 75% of FVC; MMEF 5 maximum midexpiratory
flow; PEFR 5 peak expiratory flow rate; PFT 5 pulmonary function testing.

* All models are adjusted for age and height via flexible nonlinear terms. The models are also adjusted for community, technician,
spirometer, group, ethnicity (white as baseline), respiratory infection at pulmonary function testing, room temperature, barometric pres-
sure, chest illness before age 2 yr, and body mass index. Asthma effects are reported as comparisons with nonasthmatic subjects.

† p , 0.05.
‡ p , 0.01.
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the previous 12 mo, such as chest tightness, coughing, or short-
ness of breath. Thus, the lack of inhaler use was not a good in-
dicator that asthma was inactive.

In the groups that reported use of an inhaler for asthma,
the number of children with disease activity was considerably
higher than that of children who did not use an inhaler for
asthma. At baseline, 85% of those who had asthma of short
duration reported wheezing in the previous 12 mo, whereas
90% reported having some asthma. Similarly, 92% of children
with asthma of long duration reported wheezing, whereas
94% reported having some asthma. These patterns also held
at the last follow-up visit. Therefore, the reported use of an in-
haler is a useful longitudinal indicator of disease activity.

A substudy of types and patterns of medication used for
asthma found that 24% of children in the group with asthma
of long duration with medication reported using both b-ago-
nists and steroids, 6% used steroids only, and 55% used b-ago-
nists only, whereas 15% used no medication at all. Thus, 70%
of the children in this group used b-agonists only or used no
medication at all.

Among male subjects, those who had asthma diagnosed be-
fore age 3 yr had significant deficits in their levels of MMEF
(218.83%, p , 0.01), FEV1 (24.98%, p , 0.05), FEF75
(223.77%, p , 0.01), and PEFR (26.47%, p , 0.05). Male
children in whom asthma was diagnosed later (ages 6 yr and
up) also showed significant deficits in MMEF and FEF75 (Ta-
ble 6). These deficits were slightly greater for children who had
asthma diagnosed when they were 6 to 9 yr old (27.30% and
28.83% for MMEF and FEF75, respectively) than for those
who had asthma diagnosed when they were > 10 yr old
(26.49% and 26.91% for MMEF and FEF75, respectively)
(Table 6). The trend effect of asthma 3 AGE indicated that
the deficit in children who had asthma diagnosed when they
were 6 to 9 yr old increased with age at the approximate rate of
21%/yr, 20.6%/yr, and 21.4%/yr for FEV1, FVC, and PEFR,
respectively. The improvement in PEFR with age for males
with asthma first diagnosed before age 3 yr (Table 6) appears
to have been largely responsible for the time-dependent trend
in PEFR “catching up” to that of males without asthma at
older ages (Table 3). There was no indication of reversal of the
deficits in levels of PF seen in males with asthma diagnosed
when they were 0–2 yr old and > 6 yr old, with the exception of
PEFR, for which there was a 2.76%/yr improvement (Table 6).

Asthmatic females who had asthma diagnosed before age 3
yr had a 215.66% (p , 0.01) deficit in their level of MMEF and
a 222.82% (p , 0.01) deficit in their level of FEF75 (Table 7).
Similarly, asthmatic females who had asthma diagnosed when
they were > 10 yr old, in most of whom it was diagnosed during
the follow-up years of the study, had significant deficits in all
measures of PF except FVC (i.e., 25.67%, 22.47%, 26.75%,
and 23.86% for MMEF, FEV1, FEF75, and PEFR, respectively)
(Table 7). There was very little evidence of any greater percent
deficit or improvement in PF at older ages (Table 7).

All of the models previously discussed were reanalyzed by
adding smoking, ETS exposure, access to health care insur-
ance, and exercising 30 min before PF testing as potential con-
founders. The effect of asthma on PF was found to be insensi-
tive to the inclusion of these potential confounders (data not
shown), and hence they were not included in the final models.

DISCUSSION

Duration of asthma from the time of its reported diagnosis
was an important determinant of deficits in measures of both
large and small airways function in males, and of deficits in
small airways function (MMEF and FEF75) in females. The

shorter duration of asthma in females accounted for at least
part of the observed difference between the overall effect of
asthma in males and females. Confounding by town of resi-
dence, ethnicity, and other factors did not explain the results.

The effect of duration of asthma from its reported diagno-
sis has not been studied extensively in children, but the fore-
going results are compatible with reported effects of duration
of asthma on FEV1 in selected children with asthma (9, 17). In
the Childhood Asthma Management Program study of chil-
dren with mild to moderate asthma, FEV1 as a percent of the
predicted value was lower if the duration of asthma was
longer, although the effect of duration was greater in males
(9). Longer duration of asthma may also result in more mod-
est improvement in response to treatment with inhaled corti-
costeroids (17). Our results are not directly comparable with
those of the population-based cohort study done by Gold and
coworkers (7). However, among those children in our study
with a longer time since the diagnosis of asthma, the effect was
similar to the overall pattern of deficits reported by Gold and
coworkers (showing significant effects of asthma on FEV1,
which were greater in males). Further study of the role of du-
ration of asthma as a determinant of lung function is war-
ranted, and might help clarify seemingly inconsistent reports
of greater deficits in lung function in girls than in boys with
asthma, as reported by Weiss and coworkers (8).

Among males with asthma of more than 4 yr duration,
those reporting use of an inhaler for asthma in the previous
year had almost twice the deficit in all flow rates of children
not using an inhaler, an association with medication use that
has also been noted by other investigators (7). A detrimental
effect of medication is unlikely, and our results suggest that

 
TABLE 7

EFFECT OF ASTHMA ON PULMONARY FUNCTION
BY AGE AT DIAGNOSIS FOR FEMALE SUBJECTS*

PFT

Asthma by Age
at Diagnosis

(yr)

Level (Asthma Main Effect) Trend (Asthma 3 Age)

Percent 
Difference 95 CI

Percent
Difference 95 CI

FVC 0–2 1.49 (24.4, 7.7) 20.07 (21.0, 0.9)
3–5 0.54 (26.1, 7.7) 20.59 (21.7, 0.5)
6–9 20.60 (24.2, 3.1) 0.27 (20.3, 0.9)

> 10 20.96 (23.0, 1.1) 0.23 (20.1, 0.6)
FEV1 0–2 23.34 (29.2, 2.9) 20.41 (21.6, 0.8)

3–5 20.05 (27.0, 7.4) 20.46 (21.9, 1.0)
6–9 21.61 (25.3, 2.2) 0.41 (20.4, 1.2)

> 10 22.47† (24.6, 20.3) 0.11 (20.3, 0.6)
MMEF 0–2 215.66‡ (225.6, 4.4) 20.81 (23.4, 1.8)

3–5 22.81 (15.8, 12.2) 20.37 (23.5, 2.8)
6–9 22.17 (29.4, 5.7) 0.11 (21.6, 1.8)

> 10 25.67‡ (29.7, 21.5) 20.01 (20.9, 0.9)
FEF75 0–2 222.82‡ (234.8, 28.7) 20.89 (24.4, 2.7)

3–5 23.81 (20.7, 16.7) 21.34 (25.5, 3.0)
6–9 27.87 (216.9, 2.2) 0.11 (22.2, 2.4)

> 10 26.75† (212.0, 21.1) 0.46 (20.8, 1.8)
PEFR 0–2 27.87 (215.5, 0.4) 21.57 (23.6, 0.5)

3–5 6.10 (23.9, 17.2) 1.32 (21.2, 3.9)
6–9 2.45 (22.8, 8.0) 1.14 (20.2, 2.5)

> 10 23.86† (26.7, 20.9) 20.49 (21.2, 0.3)

Definition of abbreviations: CI 5 confidence interval; FEF75 5 forced expiratory flow at
75% of FVC; MMEF 5 maximum midexpiratory flow; PEFR 5 peak expiratory flow rate;
PFT 5 pulmonary function testing.

* All models are adjusted for age and height via flexible nonlinear terms. The models
are also adjusted for community, technician, spirometer, group, ethnicity (white as
baseline), respiratory infection at pulmonary function testing, room temperature, baro-
metric pressure, chest illness before age 2 yr, and body mass index. Asthma effects are
reported as comparisons with nonasthmatic subjects.

† p , 0.01.
‡ p , 0.05.
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this deficit reflected the more active disease observed in chil-
dren requiring medication. Because many children in our
study who were not using an inhaler (at baseline) actually had
had recent disease activity, the real deficits in lung function as-
sociated with recent disease activity may have been even
larger than those observed for inhaler users versus nonusers.

There were large deficits in levels of PF among males with
asthma of more than 4 yr duration since diagnosis, even if they
did not require use of an inhaler (Table 4). As compared with
males without asthma, these deficits were significant for all
lung function measures, except FVC and PEFR (results not
tabulated). These results are consistent with the finding of
persistent deficits in flow rates that were not responsive to
bronchodilators (6). Airway remodeling resulting from persis-
tent inflammation has been demonstrated in both the experi-
mental and clinical setting, and is a plausible mechanism for ir-
reversible deficits in flow rates associated with asthma (18, 19).
However, because many of the children in our study who were
not using an inhaler had recent disease activity (at baseline), it
is also possible that the deficits associated with asthma of long
duration without medication were a result of untreated revers-
ible bronchospasm, rather than being fixed deficits caused by
airway remodeling. It is remarkable that so few of the children
receiving treatment were receiving inhaled steroids, suggest-
ing that undertreatment of asthma may have been an impor-
tant contributor to the deficits observed in our study.

The impact of asthma on lung function in adolescence was
most pronounced among children in whom asthma was diag-
nosed before age 3 yr, a group with mean flow rates in small
airways that were only about 80% of those in children without
asthma. In a cohort of children followed from birth, Martinez
and associates observed that children with wheezing illness be-
fore age 3 yr had lower levels of PF at age 6 yr, whether they
had asthma or not (10). However, it is unlikely that the chil-
dren in our study with early diagnoses of asthma were misdi-
agnosed cases of transient early wheezing, because 79% of the
males and 92% of the females in this group reported contin-
ued wheezing at age 6 yr, and more than half of the males and
two-thirds of the females reported wheezing during the year
before their initial interview in the fourth or seventh grade.
These results are consistent with those of a study of Australian
school children, which found that most of those who had se-
vere asthma at age 14 yr, and concomitant significant deficits
in FEV1, had had their asthma diagnosed before age 3 yr (20).
Among children followed into adulthood, FEV1 and FEV1/
FVC were reduced to a greater extent in those with asthma
onset at an early age (6). However, as in our study, recall of
age of diagnosis, assessed retrospectively in these studies, may
have been biased, and may have resulted in parents preferen-
tially remembering particularly severe initial presentations of
asthma at an early age or being more likely to report an earlier
age at onset for particularly severe asthma that in fact first oc-
curred at a somewhat older age. However, in our study, recent
wheezing at the time of completion of the baseline question-
naire was no more frequent among children with a reported
diagnosis of asthma before age 3 yr than among those with di-
agnosis at a later age.

On the log scale, there were no remarkable age-related
trends in lung function that suggested improving or deteriorat-
ing lung function, with the exception of a significant deteriora-
tion in later years both in lung volume and flow rates in males
with asthma diagnosed between ages 6 and 9 yr, and an oppo-
site trend in PEFR in males, depending on the age of diag-
nosis. A similar pattern to that observed in the group with
asthma diagnosed between ages 6 and 9 yr was observed in the
Australian cohort, in which a large FVC in childhood declined

to normal by age 21 yr (5). We have no explanation for the
anomalous trends in PEFR. However, these age-related trends
in lung function, which vary by age at diagnosis and are appar-
ent only in boys, warrant further investigation.

Limitations to our study included the self reporting of phy-
sician-diagnosed asthma, which was not validated directly
against physician records, bronchial hyperreactivity, or some
similar objective measurement. Therefore, it was not possible
to independently verify the relatively high cumulative report
of a diagnosis of asthma at any time since birth (20.4% to
24.4%, depending on grade and sex; Table 2). To the extent
that asthma may have been overreported, our results may
have underestimated the effect of true asthma on PF. How-
ever, we used a standard definition for asthma, based on a
standardized questionnaire used widely in epidemiologic stud-
ies in the United States. Our results can therefore be general-
ized to other populations in the United States (21). In addi-
tion, self reporting has been found to reflect what physicians
actually report to patients, at least among adults (22, 23), and
physician assessment of asthma has been recommended as the
“gold standard” for this disease, for which a more precise di-
agnosis is not available (24). Differential loss to follow-up
among asthmatic children in our study, especially if it occurred
according to severity of illness and age at diagnosis, might have
biased the observed estimates of effects of asthma on PF, and
especially the estimates of age-related trends. However, chil-
dren with both prevalent and newly diagnosed asthma appear
to have had patterns of participation in follow-up examina-
tions that were similar to those of children without asthma
(Table 1). Another limitation of the study was the lack of com-
plete longitudinal information that would have made it possi-
ble to evaluate the modulating effect of different types of
medication on lung function deficits.

The generally constant percent deficit in lung function in
the group of asthmatic children in our study as they approach
adulthood implies an increasing absolute deficit in lung func-
tion in older asthmatic children because older children have
larger lungs. According to our results, for example, a male
with a 24.89% deficit (Table 3) in MMEF at age 10.1 yr (the
mean age of our fourth-grade cohort at entry) and an average
height (140.3 cm) would have had an absolute deficit in
MMEF of 2113.5 ml, but by 15 yr of age (average height:
170.2 cm), this deficit would be 2187.2 ml for the same
24.89% deficit in MMEF. The lack of recovery of deficits with
age, at least for small airways, adds to the evidence from the
few studies that have followed asthmatic children into adult-
hood suggesting that deficits persist, at least among some sub-
groups (2–4, 25, 26). In the Netherlands and in Scotland, FEV1
among asthmatic children was predictive of adult FEV1 (3, 4,
26). Australian children who subsequently reported frequent
wheezing at age 28 yr had an accelerated decline in respiratory
function (2). Among British children followed from 0 to 35 yr
of age, those with asthma of early onset and persistent wheez-
ing had significant reductions in FEV1 and FEV1/FVC in
adulthood, which were only partly reversible by b-agonists
(25). Clinical studies demonstrating airway remodeling as a re-
sult of persistent inflammatory effects of undertreated asthma
identify a possible underlying pathophysiologic basis for these
deficits, and are the basis for chronic treatment designed to re-
duce such persistent deficits (27, 28).

As affected children reach adulthood and old age, the
probable consequences of the current epidemic of childhood
asthma in the United States are unknown. However, the defi-
cit associated with persistence of asthma into adulthood has
been reported to be greater than that associated with smoking
(6). Among adults with asthma, there is evidence that on ac-
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celerated decline in FEV1 occurs with age (29, 30). Moreover,
although the relationship between asthma and chronic airway
obstruction is not altogether clear, deficits in FEV1 in adults
with chronic airways obstruction are predictive of mortality
(31, 32). Better understanding of the pattern of lung growth
and morbidity associated with asthma throughout life might
help guide and evaluate treatment strategies designed to re-
duce the morbidity associated with this disease.
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